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Abstract 

We emphasize that the vanishing of the CP asymmetry in leptogenesis, previously 
observed for models with tri-bimaximal mixing and family symmetry, may be traced 
to a property of the type I see-saw mechanism satisfied by such models known as 
Form Dominance, corresponding to the case of a diagonal Casas-Ibarra R matrix. 
Form Dominance leads to vanishing flavour-dependent CP asymmetries irrespective 
of whether one has tri-bimaximal mixing or a family symmetry. Successful lepto- 
genesis requires violation of Form Dominance, but not necessarily violation of tri- 
bimaximal mixing. This may be achieved in models where the family symmetry 
responsible for tri-bimaximal mixing is implemented indirectly and a strong neu- 
trino mass hierarchy is present with the Form Dominance broken only softly by the 
right-handed neutrino responsible for the lightest neutrino mass, as in constrained 
sequential dominance. 
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1 Introduction 



The observation of very small neutrino masses, at least a dozen orders of magnitude lower 
than the top quark mass, poses a challenge for building a model which accounts for the 
masses of elementary particles. Since the Standard Model (SM) of particle physics fails 
to provide any explanation for the neutrino masses, one is forced to look beyond. A 
natural explanation for such tiny neutrino masses is provided by postulating an effective 5- 
dimensional operator [IJ, the only one consistent with the SM, leading to Majorana neutrino 
masses suppressed by a high mass scale. In the see-saw mechanism such an operator 
is generated when a heavy particle gets integrated out from the theory, where, under the 
SM gauge group SU(2)ixU(l)y, the heavy particle can either be a singlet fermion with 
Y = 0, a. triplet scalar with F = 2, or a triplet fermion with Y = 0. The three cases are 
known as the type I, type II [3J, or type III [4] see-saw mechanisms, respectively. 

The see-saw mechanism for generating Majorana masses for the neutrinos opens up an- 
other appealing possibility. It allows creation of a lepton asymmetry in the early universe 
as a result of CP violating out-of-equilibrium decay of the heavy see-saw mediating particle 
- a phenomenon called leptogenesis [5]. This lepton asymmetry can be subsequently con- 
verted to a baryon asymmetry through the B— L conserving and B-|-L violating sphaleron 
processes, which are important at temperatures following the epoch of leptogenesis. The 
see-saw mechanism therefore offers a very natural explanation for baryogenesis through 
leptogenesis. In this paper, we will discuss only the type I see-saw mechanism, where 
leptogenesis results from the decay of heavy singlet neutrinos. 

Existence of CP asymmetry in the heavy right-handed neutrino decays is a prerequi- 
site for leptogenesis within the type I see-saw mechanism. CP violation might also be 
discovered in the upcoming and planned neutrino oscillation experiments. The see-saw 
mechanism that gives the low energy neutrino mass matrix is also responsible for lepto- 
genesis. Therefore, people have attempted to connect the low energy CP violation with 
the CP asymmetry in leptogenesis. It is well known that in the most general framework, 
there is in general no connection between low and high energy CP violation, as there are 
additional complex parameters involved in the decays of the heavy right-handed neutrinos 
that are completely independent of the low energy neutrino parameters, as we now discuss. 

Neutrino mixing data |6] is well described by the unitary PMNS matrix U parametrized 
by three real mixing angles, with CP violation due to one Dirac phase (observable in 
neutrino oscillations) and two Majorana phases (observable in neutrinoless double beta 
decay). It is clearly of interest to try to understand the connection between these "low 
energy" CP violating phases in the PMNS matrix and the "high energy" CP violation 
required by leptogenesis. However, in the most general type I see-saw scheme, even zero low 
energy CP violation, corresponding to a real PMNS matrix, does not necessarily preclude 
the presence of high energy CP asymmetry in the heavy right-handed neutrino decays 
required for leptogenesis. This is because of the presence of additional complex phases at 
the high scale which are independent of the neutrino parameters accessible to low energy 

^Our conclusions for the vanishing of leptogenesis is also valid for the type III see-saw scenario. 
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experiments, as a simple parameter counting argument shows. This is worth repeating for 
those unfamihar with it. 

It is well known that, in the flavour basis, the Yukawa coupling matrix of the 3 right- 
handed neutrinos with the 3 left-handed doublets has 15 physical parameters while the 
diagonal right-handed neutrino mass matrix has 3 independent real mass parameters. This 
results in a total of 18 free parameters at the see-saw scale. On the other hand the low 
energy neutrino mass matrix has only 9 physical parameters (3 neutrino masses, 1 Dirac 
phase and 2 Majorana phases). There are therefore 6 additional parameters, plus 3 right- 
handed neutrino masses, entering physics at the see-saw scale. The most popular way to 
parametrize these 6 additional parameters at the high scale that is completely independent 
of the low scale physics, is to put them in a complex orthogonal matrix, called the R- 
matrix [7] involving 3 complex angles. In particular, the R-matrix contains 3 phases which 
in general are unrelated to low energy CP violation. 

It is clear from the above parameter counting that the type I see-saw mechanism in- 
troduces 3 additional phases. These 3 additional phases could in principle play a role in 
heavy neutrino decays, perhaps making leptogenesis possible even when there is no low 
energy CP violation. However, in some models, for example those with texture zeroes or 
two right-handed neutrinos, the number of extra phases may be reduced. Since the number 
of parameters or degrees of freedom is reduced at the high scale, in such models it then 
becomes possible to predict the extent of CP asymmetry at the see-saw scale from the 
low energy data. In this way one may obtain a one-to-one correspondence between the 
CP violation at the low and high scales, leading to a link between the PMNS phases and 
leptogenesis, as many authors have discussed [8]. 

It is a remarkable observation that global fits to neutrino oscillation data [6j are com- 
patible with the so-called tri-bimaximal (TB) mixing pattern [S], where the low energy 
neutrino mixing matrix is given by 



where P is an unspecified diagonal matrix containing two Majorana phases. TB neutrino 
mixing implies that the neutrino mass matrix has a Klein symmetry which may result 
either directly or indirectly from certain classes of discrete family symmetry groups [TO] . 
Many models have been proposed based on various discrete family symmetry to account 
for the TB mixing [11|. Although TB mixing predicts no CP violation from the Dirac 
phase, there is no reason why the two Majorana phases or the three extra see-saw phases 
should not allow the necessary CP violation required for leptogenesis. Nevertheless, it is a 
curious fact that many models which predict TB mixing also lead to zero leptogenesis as 
has recently been observed [T214T7] . In particular it has been observed that the same family 
symmetry which predicts TB mixing seems also to predict a vanishing CP asymmetry for 
leptogenesis. 

In this paper we emphasize that the vanishing of the CP asymmetry in leptogenesis. 




(1) 
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previously observed for models with TB mixing arising from a family symmetry, may be 
traced to a property of the type I see-saw mechanism known as Form Dominance (FD) [18] . 
FD is the requirement that the columns of the Dirac mass matrix in the flavour basis are 
proportional to the columns of the PMNS matrix, corresponding to the simplest situation 
when the R-matrix is diagonal. Since the R-matrix is orthogonal, imposing the diagonal 
condition necessarily makes it also real with its elements being R = (i2a(7(±l, ±1, ±1), 
one example of which is the unit matrix R = I. It has been pointed out that FD is 
satisfied by models such as the A4 see-saw models |18j where tri-bimaximal mixing is 
enforced directly [lOj by a family symmetry. However FD is more general, and leads to 
vanishing flavour dependent CP asymmetries independently of the neutrino mass matrix 
and irrespective of whether one has tri-bimaximal mixing or a family symmetry. 

We remark that it was already known [13] that R = I implies that all the flavour- 
dependent CP asymmetries vanish exactly. It has also been stated that FD corresponds 
to R = I and furthermore that A4 see-saw models leading to TB mixing satisfy FD jl8j . 
However here we shall be more precise and show that a diagonal R-matrix implies and is 
implied by FD and this is sufficient to lead to vanishing leptogenesis. Moreover the fact 
that this is the reason why CP asymmetries vanish in such models has apparently not been 
appreciated in the literature [llHTT]. 

Another purpose of this paper is to discuss a way out of the impasse between family 
symmetry models of TB mixing and leptogenesis, by emphasizing that successful leptoge- 
nesis requires violation of FD, but not necessarily violation of tri-bimaximal mixing. This 
may be achieved in models where the family symmetry responsible for tri-bimaximal mix- 
ing is implemented indirectly [10] and a strong neutrino mass hierarchy is present with the 
FD broken only softly by the right-handed neutrino responsible for the lightest neutrino 
mass, as in constrained sequential dominance (CSD) [Tnii20j. This was already previously 
pointed out in [12] but, as before, this observation has been neglected. 

The paper is organized as follows. We begin by briefly reviewing the type I see-saw and 
the R-matrix in section 2. We show that the R-matrix is a basis invariant quantity and 
hence statements made in terms of the R-matrix are true universal. In section 3 we present 
the expression for the flavour-dependent and independent CP asymmetries in leptogenesis 
in terms of the R-matrix and show that these vanish for the case of a unit R-matrix. In 
section 4 we show that the condition that the R-matrix is a diagonal matrix implies and 
is implied by a Dirac mass matrix of the FD type showing in turn that all models which 
conform to FD necessarily predict a diagonal R-matrix and hence vanishing leptogensis. In 
section 5 we show that the condition where the Yukawa matrix is unitary (or trivial) is a 
subclass of models which have FD. We compare this to the situation in models with flavor 
symmetries and relate our results with some of the previous results in the literature. In 
section 6 we show how violations of FD can lead to successful leptogenesis in models where 
the family symmetry responsible for tri-bimaximal mixing is implemented indirectly and a 
strong neutrino mass hierarchy is present with the Form Dominance broken only softly by 
the right-handed neutrino responsible for the lightest neutrino mass, as in CSD. We finally 
conclude in section 7. 
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2 The R-Matrix and its Basis Invariance 



The Yukawa part of the Lagrangian in a SM extension to include three heavy right-handed 
neutrinos is given by, 

-Ly = Y.LHIr + Y;LHNr + ]^MNr + h.c, (2) 

where L and H are the left-handed lepton doublet and Higgs doublet respectively, Ir the 
right-handed charged singlet and Nr the right-handed neutral singlet. Y^. and Yy are the 
Yukawa couplings and M the right-handed Majorana neutrino mass matrix. In the above 
equation H = —ia2H*. After electroweak symmetry breaking we get the Dirac mass matrix 
rriD = YyV, where v is the vacuum expectation value of the Higgs doublet. If we consider 
n generations of heavy right handed neutrinos Nr, then the Dirac mass matrix is a 
3 X n matrix and the Majorana mass matrix M is a n x n matrix. The {3 + n) x (3 -|- n) 
neutrino mass matrix turns out to be. 



Once the n heavy right-handed neutrino fields get integrated out from the theory, one 
obtains the 3x3 light neutrino mass matrix, up to an irrelevant overall sign, as 

rriy ~ mDM~^nr^, (4) 

where we have neglected terms higher than (9(M~^). The heavy neutrino mass matrix is 
approximately given by M. This is the celebrated type I see-saw mechanism. 

The light and heavy neutrino mass matrices can be diagonalized by unitary matrices 
U and Um, respectively. Hence we have the relations WniyU* = Dk and Ul^MUlj = Dm, 
where Dk and Dm are diagonal matrices containing the light and heavy neutrino mass 
eigenvalues. In the basis where Y^ is diagonal we identify U as the PMNS matrix. From 
above, one obtains, 

U^niDM-^mlU* = Dk . (5) 
Substituting U\,^MUl,j = Dm the above equation we get, 

U^mDU*MD],^UlmlU* = Dk . (6) 

The R matrix is defined as [7] 

R = D^ulmlU*D-J,, (7) 

where i? is a clearly a complex orthogonal matrix R^R = I. Eq.Q parametrizes the 
freedom in the Dirac matrix rriD, for fixed values of U, Dk and Dm, in terms of a complex 
orthogonal matrix R. 

Following the discussion in [13], we show that the R- matrix is invariant under any 
kind of basis transformation of the heavy Majorana neutrinos as well as the well known 
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invariance under charged lepton basis transformations [Tl[13]. This is reahzed by the fact 
that Ul^m^ and U are invariant under the heavy Majorana basis transformation. To show 
this exphcitly, let us consider two bases {mD,M) and {mD,M) which are related by a 
unitary basis transformation of the heavy Majorana neutrinos as, 

M = S^MS, (8) 

and 

rhi) = ttidS. (9) 

The matrix S is unitary and hence satisfies the relation S'^S = I. In the old non-hatted, 
basis the diagonalizing relation for the heavy Majorana mass matrix is 

UlMUl, = Dm . (10) 
Plugging back M = S'^MS into the above equation one will get 

UliS^r'MS-'Ul, = DM. (11) 

For S* to be a unitary matrix this above equation represents the diagonalizing relation in 
the new hatted basis. Hence one can define the new eigenvectors as Ulj = S'^U'lj. So the 
^m^'d transforms as 

Ul,ml = Ul,S''S*ml = Ulm^ . (12) 

Using Eq. and Eq. (jS]) one can very easily prove that the low energy neutrino mass 
matrix is also invariant under this unitary basis transformation, 

= moM'^m^j = rhoM'^m^ ■ (13) 

Hence the low energy neutrino mixing matrix U will remain unaffected under this heavy 
Majorana neutrino basis transformation. We have already defined the R-matrix in Eq. 
([7]). Since the heavy Majorana masses Dm and the low energy neutrino masses Dj. are 
physical observable and are basis independent and also the neutrino mixing matrix U is 
basis independent, hence the statement ^UmTtv^ is invariant under heavy Majorana basis 
transformation' is sufficient to prove that R matrix is invariant under the heavy Majorana 
basis transformation. Similarly one can also prove that the quantity m^U* is invariant 
under the leptonic basis transformation. In this case for L — )■ LW, we get rho = Wmo 
and the neutrino mixing matrix would change to U* = W*U*. Hence m^U* = mj^U*. 
Therefore, here also the R-matrix would be invariant. Hence R-matrix is invariant under 
any kind of basis transformation H as well as non-unitary transformation of the heavy 
Majorana fields [13]. 

simple physical reason why the R-matrix has to be basis invariant can be understood from the 
fact that the R-matrix encodes the three right-handed neutrino decay rates as well as the three three 
leptogenesis CP asymmetry observables. Therefore since the R-matrix is fixed by six physical observables 
it must be basis invariant. This argument is due to Pasquale di Bari [private communication]. 
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3 CP Asymmetry in Leptogenesis and R-Matrix 



As discussed before, CP asymmetric out-of-equilibrium heavy singlet Majorana neutrino 
decay could lead to leptogenesis. The CP asymmetry generated by Ni decays into a lepton 
doublet L (written as with a flavour index a = e, fj,, r) and a Higgs doublet H (written 
as 0) is given by [5||2T]. 



Mf/Mf 



where we have written 



(14) 



Z° = Im 



Im 



,t 



(15) 



It is evident that Xf^ = -Xf^ and J^^ 
form S22] 



-J"i. In the MSSM, the function f{x) has the 



fix) 



(16) 



In the above equations we have considered the CP asymmetry generated in each flavor and 
thus have taken into account the so-called flavor effects in leptogenesis We have 

also considered the decay asymmetry created from the decay of all the three right-handed 
neutrinos, including the case of N2 dominated leptogenesis [26] . 

In many cases only the term proportional to X^- in Eq. f|T^ is relevant, since the second 
term proportional to JT^" is often suppressed by ratios of right-handed neutrino masses 
Mi/Mj. Furthermore, the second term in Eq. ([T^ vanishes when one sums over flavors to 
obtain the flavor independent decay asymmetry: 



^Im 



( t ^2 



^3, 



f{Mf/M^ 



(17) 



Note that the flavour-independent CP asymmetry given by Eq.( JT711 depends on the imag- 
inary part of the combination (m£)m£))jj, where i 7^ j. 

Since ef depend on the Dirac mass matrix, we can express them also in terms of the 
R-matrix as 

Im 



E rnj^ U*j U^k R*j R*k 
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For the case where flavor effects are inconsequential, the corresponding CP asymmetry is 
given by summing over the flavors as 



3M, 



1 r 9 I D 19 ' (-'-9) 

Ibrcv^ 2^ rrij \Rij\ 
j 

where mj are the eigenvalues of the light neutrino mass matrix and we have assumed 
hierarchical masses for the right-handed neutrinos. It is interesting to compare the flavour- 
dependent asymmetry in Eq. (ITS|) to the flavour-independent case in Eq. (IT^ . Eq. (IT^ 
shows that the flavour-independent CP asymmetry is directly proportional to the imaginary 
components of the R-matrix. Therefore, for models where the R-matrix is real, the flavour- 
independent CP asymmetry becomes identically zero and one has no leptogenesis. By 
contrast, from Eq. flTSl) it is clear that a real R matrix allows the flavour- dependent 
asymmetries to be non-zero due to the PMNS phases, allowing a link between 

low energy CP violation and leptogenesis for the case of a real R matrix [27] . Such a 
link was first observed for flavour- dependent leptogenesis, independently of the R matrix 
parametrization, in [12] . 

In [13] it was pointed out that a real R matrix is an automatic consequence of CSD 
since in this case R is equal to the unit matrix. It was also pointed out [13] that R = I 
implies the stronger result that flavour- dependent CP asymmetries in Eq. (ITS]) vanish 
identically due to the unitarity of U. We point out that, since the R-matrix enters Eq. 
f|T8|) quadratically, a diagonal R-matrix with diagonal elements being ±1 is sufficient to 
lead to vanishing flavour-dependent CP asymmetries. The same conclusion applies to both 
X°- and jTj" even though for simplicity we have only considered the terms arising from X^- 
above. (In section 6 we consider both terms). In the next section we shall show that a 
diagonal R-matrix with diagonal elements being ±1 corresponds to FD [18]. Since models 
of TB mixing enforced directly by a family symmetry satisfy FD, this is the reason why 
the leptonic flavour-dependent CP asymmetries vanish for these models. 



4 Diagonal R-Matrix and Form Dominance 

In this section we first review the argument that R = I implies and is implied by FD [18] 
and then extend it to the case of a diagonal R-matrix with diagonal elements being ±1. 
Let us first consider the case that the R-matrix is the unit matrix, i.e., 

R = I. (20) 

From Eq. (JTj) this implies that 

D-Jm^dU*D-J, = I (21) 



where for simplicity we choose to work in the basis where the heavy Majorana mass matrix 
is real and diagonal. However, since the R-matrix is basis invariant, the physical results 
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are basis invariant. The Eq. (12T]) yields the condition on the Dirac mass matrix as 



mn = U.{D^,D^) = U.D, (22) 

where D is a diagonal matrix of the form D = diag{ai,a2,a3). They are given as 
Oi = y/rriiy/Mi, 02 = y^m2A/^ and 03 = ^Jrul^fM^^ where mj and Mj [i = 1,2,3) 
are the eigenvalues of the light and heavy Majorana neutrinos, respectively. We work in 
the convention where all mass eigenvalues are taken as real and positive. Therefore, the 
parameters cti, 02? are real. Since we are working in a basis where the right handed Ma- 
jorana mass is M = diag{Mi, M2, M3), inserting the FD m^) = U.D in the see-saw formula 
yields 

= niDM-^m^ = U.Dk-U^ , (23) 

which serves as a consistency check. Also, it is trivial to see that the diagonal matrix 
containing the light neutrino mass eigenvalues is given by 

D, = dtagi^, ^, ^) , (24) 

which is obviously consistent with D = diag{ai,a2,a3) = D^D^. 

The above discussion shows that any model which produces a Dirac mass matrix that 
is of the form given by Eq. fl22|) will give R = I and hence zero leptogenesis. In fact, this 
form for the Dirac mass matrix has been discussed in detail before in the literature and 
has been called FD [18j . Hence we confirm that R = I implies FD [18] . 

Let us now assume that R is diagonal i.e. R = Rd with diagonal elements being ±1, 

R = Rd. (25) 

Assuming R = Rd gives 

ruD = U.D^.Rd.D^ = U.D' , (26) 

where D' is a real and diagonal matrix D' = d^ag{±y/ml^/Ml, ±y/m2\^M2, ^y/m^^^/ M^) . 
Since FD [18] is a criterion whereby the columns of the Dirac matrix rriD are proportional 
to the respective columns of the neutrino mixing matrix while working in a basis where 
the charged lepton and heavy Majorana mass matrix are diagonal, it is clear that Eq. fj26|) 
implies FD. Therefore the condition that i? is a diagonal matrix R = Rd with diagonal 
elements being ±1 leads to FD, wherein m^, = U.D', where D' is a real diagonal matrix. 
We can turn the argument around to state that, for any real diagonal matrix D', FD leads 
to R that is real and diagonal. Hence, FD necessarily predicts zero CP asymmetry for 
leptogenesis. 

Finally, we stress that the condition that the R-matrix is diagonal is independent of 
the low energy neutrino parameters. This is because it only demands that the Dirac mass 
matrix should obey FD. In particular it does not restrict the PMNS mixing matrix U, 
which could have any form. 
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5 Form Dominance and Unitarity of m/j 



It was shown in [15] that if the right-handed neutrinos belong to the irreducible represen- 
tation of a family symmetry group Gp-, then one gets 

m}jjniD oc / (27) 

from the invariance of the Lagrangian under Gp- Hence the Dirac mass matrix in these 
flavor models are predicted to be unitary. Unitary mj^ occurs in several of the models 
with and flavor symmetry in [11]. In this section we show that the case of unitary 
Dirac matrices corresponds an interesting subclass of FD cases. Since a unitary m^) is 
only a subclass of the class of models which conform to FD, one concludes that the set 
of flavor models which give unitary m/j, and hence vanishing leptogenesis, are only a 
subclass of a more general class of models with vanishing leptogenesis characterized by 
R = diag{±l, ±1,±1). 

In the approach here, the unitary Dirac matrices emerge from the condition for FD 
in Eq. ( !26|) . generalized to any arbitrary right-handed neutrino mass basis, for any real 
diagonal matrix D, 

rriD = U.D.Ul, , (28) 

which leads to the FD condition 

mDm^o = U.D\U^ . (29) 
From this equation it is clear that if = I then m^j is unitary, 

rriD'm^D = ^ (30) 

which is satisfied by trivially by the special case m/) = El Conversely, if m^i is unitary 
then this implies FD, since one can always go to a basis where a general unitary m/) can 
be expressed as m^) = U.D.Ujj. 

Note that, for the special case mn = I, the generalized FD condition m^i = U.D.U'lj, 
implies that 

U = UIjD^' . (31) 
However, for m^) = J the see-saw formula gives 

= M-^ , (32) 

and hence one gets 

U = Ul,. (33) 

Therefore for the case where rriD = I, one has D = I. 

The main results in this paper so far can then be summarized as follows: 



^Similarly if D cx / then m£)m|j oc / which is satisfied trivially by the special case mo oc /. 
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1. FD implies and is implied by a diagonal R- matrix, R = Rd with diagonal elements 
being ±1. 

2. FD may be expressed as the generalized condition in Eq. (128|1 where D is a real and 
diagonal matrix, and U and Um are the matrices which diagonalize the low and heavy 
neutrino mass matrices, respectively, which can be arbitrary. 

3. Models which have unitary Dirac mass matrix are a subclass of FD, corresponding 
to the real diagonal matrix D having elements ±1. 

4. A special case of unitary m/j is the case where the Dirac Yukawa matrix is propor- 
tional to /, where m£, = I implies D = I. 

5. Models which respect FD with R = R^ have vanishing flavour- dependent CP asym- 
metries for leptogenesis. A subclass of such models has a unitary or unit Dirac mass 
matrix. 



6 Violations of Form Dominance 

In order to explore violations of FD, we shall introduce a more explicit notation for the 
Dirac neutrino mass matrix m^), the right-handed neutrino mass matrix M, the type I 
see-saw effective light Majorana mass matrix rrii, in Eq. (j4]) and the PMNS matrix U, as 
well as the R matrix. We shall write the (not necessarily TB) PMNS matrix U in terms 
of three column vectors ^f. 

f/=(<l>l,$2,$3) (34) 

where the complex $j include the respective Majorana phase associated with that particular 
column of U as well as the Dirac phase in U. The columns of U obey the unitarity relations: 

$1$, = 6,,. (35) 

According to FD, in the diagonal right-handed neutrino mass matrix basis M, 

/Ml \ 
M = M2 , (36) 

V mJ 

the columns of the Dirac neutrino mass matrix rriD (in the left-right convention for m^j) 
are proportional to columns of the PMNS matrix, 

= (ai$i,a2$2,a3'^'3), (37) 

where Oj are the real parameters introduced previously. Then the type I see-saw mechanism 
implies 

~ mriM'^m^ = mi<l>i<l>f + m2$2'^'2^ + ms^s^J , (38) 
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where = a^/Mj. Using this notation, it is clear that the effective hght Majorana neutrino 
mass matrix mj, is diagonahzed by the PMNS matrix, 



U^mM* = ma , (39) 




using U = {^1,^2,^3) with Eq. fl55]) and and the unitarity relations in Eq. f l5^ . This 
notation makes the essential feature of FD, that the PMNS matrix U is unrelated to the 
see-saw parameters which determine the neutrino masses completely manifest, since U 
is given by $i and the neutrino masses are given by the combinations = af/Mi, with 
$i independent of ai,Mi, 

From Eq. ([7]), the R matrix may be defined as the matrix which parametrizes rriD in 
the basis where M and are diagonal as: 

^^^^ = UD^kR^. (40) 

It is instructive to expand this equation in terms of the columns of and U, 

{{mo)^lM-^'\ {mnlviM^^'^ {mDhM-'^') = {Uam'f , U.^m^^ U,^my^)R^ . (41) 

Since mr) = (ai$i, a2^2, ^a^a) and U = ($1, $2, ^3), it is apparent that R is equal to the 

1/9 1/2 

unit matrix in the case of FD with m/ = Mi ' . Note that, in our convention, assuming 
FD, we have assumed that = of /Mi. In other words we have defined Mi to be the mass 
of the right-handed neutrino which is responsible for the physical neutrino mass mi, M2 
to be the mass of the right-handed neutrino which is responsible for the physical neutrino 
mass m2, and M3 to be the mass of the right-handed neutrino which is responsible for the 
light neutrino mass m^. This differs from the usual convention where Mi < M2 < M3 and 
the right-handed neutrinos are ordered such that the lightest one has mass Mi appears in 
the first column, the second lightest with mass M2 appears in the second column, and the 
heaviest with mass M3 appears in the third column of the matrices mn and M. While, 
in the usual convention, there is an ambiguity in the R matrix due to the reordering of 
the right-handed neutrino masses, in our convention there is no such ambiguity, and the 
R matrix for FD is thus equal to the unit matrix, with no reordering ambiguity. In our 
convention the mass ordering of the right-handed neutrino masses Mj remains general 
and for us it is not generally true that Mi < M2 < M3 (although this possibility is not 
excluded) and other mass orderings such as M3 < M2 < Mi are permitted. Similarly the 
mass orderings of the physical neutrino masses is also left general with mi < m2 < m3 
being the normal mass ordering and m3 < mi < m2 being the inverted one (all mass 
eigenvalues taken to be positive). 

Adopting the above FD conventions, summarized by mj = af/Mi, where the i-th right- 
handed neutrino mass is associated with i-th physical neutrino mass, we now consider the 
CP asymmetry parameters associated with the decay of such an i-th right-handed neutrino. 
We emphasize that the i-th right-handed neutrino could be the lightest, second lightest or 



12 



heaviest right-handed neutrino (e.g. i=3 could be the hghtest right-handed neutrino in our 
convention). We shall write Eq. (fT5|) as follows: 



{m^D)ia i'n^D)jai^DmD)ij\ , JJ^ = lin[{m^^).^ (nil) .^{m^^niD) J,] ■ (42) 
In the case of FD we may use Eq. ( j37l) to we express Eq. (fTSll as, 



From Eq. (H3l) . which assumes FD, it is clear that both flavour dependent leptonic CP 
asymmetry parameters X^^- and vanish exactly due to the unitarity condition in Eq. (!35il . 
The vanishing of X°- and J'l^ for all values of i,j,a means that all type of leptogenesis vanish, 
including flavour (a) dependent leptogenesis and so-called Ni and N2 leptogenesis arising 
from the lightest and second lightest right-handed neutrino, including thermal and non- 
thermal leptogenesis - all these types of leptogenesis vanish identically as a result of FD. 
It is clear that this vanishing of CP asymmetry in leptogenesis arises from FD in a very 
simple way, independently of the the PMNS matrix, and hence the vanishing not directly 
related to TB mixing or family symmetry. However, as discussed in [18], many models 
that describe TB mixing via family symmetry do satisfy FD, and that is the reason for 
vanishing CP asymmetry in these cases. 

We have seen that exact FD leads to exactly zero leptogenesis. Therefore in order to 
achieve successful leptogenesis we must consider violations of FD. In the remainder of this 
section we show how FD may be violated softly, without perturbing the PMNS matrix U, 
in the case of a hierarchical neutrino mass spectrum in the limit that the lightest physical 
neutrino mass mi — > 0. In this limit, assuming FD, the neutrino masses and mixing 
parameters are insensitive to the coefficient ai of the first column of the Dirac mass matrix 
01$ 1 and the first right-handed neutrino mass eigenvalue Mi since they are responsible for 
mi = af/Mi and by assumption mi is negligible. Moreover, in this limit, we can replace 
the first column of the Dirac mass matrix ai$i by any other column vector, 

ai<l>i ai^i, (44) 

so that the Dirac neutrino mass matrix becomes, 

rho = {ai^i,a2^2,a3'^3) (45) 
leaving the PMNS matrix approximately unchanged, 

f/^ (<I>1,<I>2,$3). (46) 

We call this a soft violation of FD since Eq. f H6|) becomes exact in the limit that mi — )■ 0. 
We emphasize again that, in our convention. Mi need not be the lightest right-handed 
neutrino mass eigenvalue, even though in this example mi is the lightest physical neutrino 
mass eigenvalue. Making the replacement in Eq. flH|) it is clear that we will now obtain 
non-zero CP asymmetries for X^" and J'^^ with either i = 1 or j = 1. 
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If i = 



1 then: 



Im 



-2q2^* <T). 



Im 



(47) 



If j = 1 then: 



Xri = Imfe<l>Ll>i„(<l>14>i)l , J-,? = Imk2a?$L4>i„(<II<l> 



(4J 



It is clear that X"- and with either i 

''J 



1 or j = 1 are non-zero since in general 
both $|<l>i ^ and 7^ 0. An example of such a soft violation of FD is provided by 
Constrained Sequential Dominance (CSD) |T9] which just corresponds to FD for the case of 
a strong neutrino mass hierarchy mi — )• together with the assumption of TB mixing Utb- 
CSD is in turn a special case of SD which corresponds to the case of a general PMNS matrix 
U [20]. In [12] it was first pointed out that (flavour-dependent) CP asymmetries vanish in 
the limit mi — )• for the case of CSD and TB mixing where leptogenesis is dominated by 
the CP asymmetry of the lightest right-handed neutrino which is associated with either 
the m2 or due to = $3^2 = 0. Furthermore it was realised [l2j that, under the 

similar assumptions, but with the lightest right-handed neutrino being associated with mi, 
then, since ^l^i 7^ and $i$j 7^ 0, the CP asymmetries would no longer be zero for small 
mi ~ 10"'^ eV but could in fact be rather large or optimal. 

A full numerical estimate of leptogenesis for this case with Mi being the lightest right- 
handed neutrino was performed p2] where it was shown that realistic values of baryon 
asymmetry could result for mi ~ 10~^ eV and with approximate TB mixing arising from 
the dominant and sub-dominant right-handed neutrinos of mass M3 and M2. In that 
analysis a zero initial abundance of right-handed neutrinos was assumed with mi ~ 10~^ 
eV leading to optimal washout. If instead a thermal initial abundance of right-handed 
neutrinos were assumed then mi could become arbitrarily small with zero washout in the 
soft FD limit mi — where TB mixing becomes exact, which is the limit considered here. 
This example shows that the vanishing of the CP asymmetry in leptogenesis is nothing to 
do with TB mixing but instead is a consequence of FD. 

We remark that the conditions required for TB mixing suggest the presence of a family 
symmetry. However, as previously observed, the family symmetry may lead to TB mixing 
in two ways, either directly or indirectly [10]. In the direct implementation of the family 
symmetry, where some of the generators of the family symmetry are preserved as symme- 
tries of the TB neutrino mass matrix, it is rather unnatural to achieve a strong neutrino 
mass hierarchy. On the other hand, if the family symmetry is achieved in an indirect way, 
with the family symmetry being responsible for the alignments along the directions of the 
TB mixing matrix columns $2 and $3, then a strong hierarchy with mi — >^ is completely 
natural [lOJ. In [18j this was called Natural FD, but really it is just an example of CSD. 
The presence of a strong neutrino mass hierarchy, together with TB mixing resulting from 
a family symmetry can therefore lead to successful leptogenesis if the family symmetry is 
implemented in the indirect way as in CSD. 
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7 Conclusions 



In this paper we have emphasized that the vanishing of the CP asymmetry in leptogenesis, 
previously observed for models with tri-bimaximal mixing and family symmetries such 
as A4 or 5*4 , may be traced to a property of the type I see-saw mechanism satisfied by 
such models known as FD, corresponding to the case of an R-matrix characterized by 
R = diag FD with such a diagonal R-matrix leads to vanishing flavour- 
dependent CP asymmetries irrespective of whether one has tri-bimaximal mixing or a 
family symmetry. In particular, one could have a non-TB mixing matrix at the low scale 
and yet have vanishing leptogenesis, if the Dirac mass matrix conforms to FD. On the other 
hand one may have exact TB mixing and non-vanishing leptogenesis if FD is violated. The 
only significance of the family symmetry seems to be that it can give rise to models with 
FD. 

The other main results of the paper are summarized in section 5. Many models where 
the right-handed neutrinos are in an irreducible representation of the flavor group have 
been observed to give a Dirac mass matrix which is unitary. We have shown that such 
cases are a subclass of FD models having both a diagonal R-matrix and a diagonal D- 
matrix with elements ±1, where the D-matrix is the one appearing in in Eq. ( 128|) . A 
special case is where the Dirac matrix is proportional to the unit matrix. Clearly FD is 
again responsible for the vanishing leptogenesis in all these cases. 

Finally we showed that successful leptogenesis requires violation of FD, but not neces- 
sarily violation of TB mixing. Violation of FD but not TB mixing be achieved in models 
based on constrained sequential dominance where a strong neutrino mass hierarchy is 
present. In this case the FD is violated only softly by the right-handed neutrino responsi- 
ble for the lightest neutrino mass. This seems to be possible in models where the neutrino 
flavour symmetry responsible for TB mixing emerges from the family symmetry indirectly 
rather than directly. 

Acknowledgments 

The authors would like to thank Pasquale di Bari for carefully reading the manuscript 
and for making useful comments. S.C. and M.M. acknowledge support from the Neutrino 
Project under the Xlth plan of Harish-Chandra Research Institute. S.F.K. acknowledges 
support from the STFC Rolling Grant ST/G000557/1 and is grateful to the Royal Society 
for a Leverhulme Trust Senior Research Fellowship. 

References 

[1] S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979). 

[2] P. Minkowski, Phys. Lett. B 67, 421 (1977); M. Gell-Mann, P. Ramond, and R. Slan- 
sky, Supergravity (P. van Nieuwenhuizen et al. eds.). North Holland, Amsterdam, 1980, 



15 



p. 315; T. Yanagida, in Proceedings of the Workshop on the Unified Theory and the 
Baryon Number in the Universe (O. Sawada and A. Sugamoto, eds.), KEK, Tsukuba, 
Japan, 1979, p. 95; S. L. Glashow, The future of elementary particle physics, in Pro- 
ceedings of the 1979 Cargese Summer Institute on Quarks and Leptons (M. Levy et al. 
eds.). Plenum Press, New York, 1980, pp. 687; R. N. Mohapatra and G. Senjanovic, 
Phys. Rev. Lett. 44, 912 (1980). 

[3] M. Magg and C. Wetterich, Phys. Lett. B 94, 61 (1980); J. Schechter and 
J. W. F. Valle, Phys. Rev. D 22, 2227 (1980); C. Wetterich, Nucl. Phys. B 187, 
343 (1981); G. Lazarides, Q. Shafi and C. Wetterich, Nucl. Phys. B 181, 287 (1981); 
R. N. Mohapatra and G. Senjanovic, Phys. Rev. D 23, 165 (1981). 

[4] R. Foot, H. Lew, X. G. He and G. C. Joshi, Z. Phys. C 44, 441 (1989); E. Ma, Phys. 
Rev. Lett. 81, 1171 (1998) |arXiv:hep-ph79805219l . 

[5] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986). 



[6] M. C. Gonzalez-Garcia, M. Maltoni and J. Salvado, ■arXiv:1001.4524' [hep-ph]. 
A. Bandyopadhyay, S. Choubey, S. Goswami, S. T. Petcov and D. P. Roy, 
larXiv:08 04.4857l [hep-ph]. G. L. Fogh et a/., Phys. Rev. D 78, 033010 (2008) 
|arXiv:0805.25T7l [hep-ph]]. T. Schwetz, M. A. Tortola and J. W. F. Valle, New J. 
Phys. 10 (2008) 113011 |arXiv:0808.20T6l [hep-ph]]. 



[7] J. A. Casas and A. Ibarra, Nucl. Phys. B 618, 171 (2001) |arXiv:hep-ph /0103065]. 

[8] G. C. Branco, R. Gonzalez Felipe, F. R. Joaquim and M. N. Rebelo, 
arXiv:hep-ph/0202030i G. C. Branco, R. Gonzalez Felipe, F. R. Joaquim, I. Masina, 



M. N. Rebelo and C. A. Savoy, |arXiv:hep-ph/0211001 D. Falcone and F. Tramon 



tano, Phys . Rev. D 63 (2001) 073007 |arXiv : hep-ph/ OOll 05 3j ; S. Davidson and 
A. Ibarra, arXiv:hep-ph/0206304i A. S. Joshipura, E. A. Paschos and W. Rode- 
johann, JHEP 0108 (2001) 029 |arXiv:hep-ph/0105175]; W. Rodejohann, Phys. 
Lett. B 542 (2002) 100 |arXi v:hep-p h/0207053]; T. Endoh, S. Kaneko, S. K. Kang, 
T. Morozumi and M. Tanimoto, |arXiv:hep-ph/0209098i T. Endoh, S. Kaneko, 
S. K. Kang, T. Morozumi and M. Tanimoto, arXiv:hep-ph/0209020i G. C. Branco, 
T. Morozumi, B. M. Nobre and M. N. Rebelo, Nucl. Phys. B 617 (2001) 475 
farXiv: hep-ph /0 10 71 64 1 ; P. H. Frampton, S. L. Glashow and T. Yanagida, Phys. Lett. 
B 548 (200 2) 119 |arXi v:hep-p h/0208157]; S. F. King, Phys. Rev. D 67 (2003) 113010 
|arXiv:hep-ph/ 0211228); G. C. Branco, D. Emmanuel-Costa, M. N. Rebelo and P. Roy 
Phys. Rev. D 77, 053011 (2008) |arXiv:0712.0774l [hep-ph]]. S. Choubey, W. Rode- 
johann and P. Roy Nucl. Phys. B 808, 272 (2009) [Erratum-ibid. 818, 136 (2009)] 
[arXiv:0807.4289 [hep-ph]]; S. Goswami, S. Khan and W. Rodejohann, Phys. Lett. B 
680, 255 (2009) [arXiyL0905.2739 [hep-ph]]; B. Adhikary, A. Ghosal and P. Roy, JHEP 
0910, 040 (2009) [arXiv:0908.2686 [he p-ph]]; S . Pascoh, S. T. Petcov and W. Rodejo- 
hann, Phys. Rev. D 68, 093007 (2003) | arXiv:hep- ph/030205 4j; S. Pascoh , S. T. Petcov 
and A. Riotto, Phys. Rev. D 75, 083511 (2007) | arXiv:hep-ph/0609125l . 



16 



[9] P. F. Harr ison, D. H. Perkins and W. G. Scott, Phys. Lett. B 458, 79 (1999) 
|arXiv:hep-ph/9904297|; P. F. Harrison, D. H. Perkins and W. G. Scott, Phys. 
Lett. B 530 (2002) 167 | arXiv:hep-ph/0202074| ; P. F. Harrison and W. G. Scott, 



arXiv:hep-ph/0402006, 



[10] S. F. King and C. Luhn, JHEP 0910 (2009) 093 lar2£iv: 0908. 1897" [hep-ph]]. 



[11] E. Ma and G. Rajasekaran, Phys. Rev. D 64 (2001) 113012 |arXiv:hep-ph/0106291 



E. Ma, larXiv:0709.0507l [hep-ph ]; E. Ma, |arXiv:hep-ph/0701016t E. Ma, Mod. 



Phys. Lett. A 22 (2007) 101 [arXiv:hep-ph/0610342]; E. Ma, Mod. Phys. Lett. 
A 21 (2006) 2931 [arXiv:hep-ph/0607190|; E. Ma, Mod. Phys. Lett. A 21 (2006) 
1917 [arXiv:hep-ph / 0607056 1 ; E. Ma, H. Sawanaka and M. Tanimoto, Phys. Lett. 
B 641 (2006) 301 [arXiv:hep-ph /0606103]; E. Ma, Phys. Rev. D 73 (2006) 
057304; B. Adhikary, B. Brahmachari, A. Ghosal, E. Ma and M. K. Parida, 
Phys. Lett. B 638 (2006) 345 | arXivrhep-ph /0603059 1 ; E. Ma, Mod. Phys. Lett. 
A 20 (2005) 2601 [arXiv:hep-ph/0508099|; E. Ma, Phys. Rev. D 72 (2005) 037301 
[arXiv:h ep-ph/0505209 1 ; S. L. Chen, M. Frigerio and E. Ma, Nucl. Phys. B 
724 (2005) 423 [arXiv:hep-ph/0504181|; E. Ma, Phys. Rev. D 70 (2004) 031901 



arXiv:hep-p h/0404199|; G. AltareUi and F. Ferugho, Nucl. Phys. B 741 (2006) 215 



arXiv:hep-ph/0512103|; G. AltareUi, F. Feruglio and C. Hagedorn, JHEP 0803 (2008) 
052 [arXiv:0802.0090 [hep-ph]]; B. Brahmachari, S. Choubey and M. Mitra, Phys. Rev. 
D 77, 073008 (2008) [Erratum-ibid. D 77, 119901 (2008)] [arXiv:0801.3554 [hep-ph]]; 
T. J. Burrows and S. F. King, larXiv:090 9. 14 331 [hep-ph]; P. Ciafaloni, M. Picariello, 
E. Torrente-Lujan and A. Urbano, Phys. Rev. D 79 (2009) 116010 |arXiv:0901. 22361 
[hep-ph]]; P. Ciafaloni, M. Picariello, A. Urbano and E. Torrente-Lujan, Phys. Rev. 
D 81 (2010) 016004 [arXiv:0909.2553^ [hep-ph]]; F. Feruglio, C. Hagedorn, Y. Lin 
and L. Merlo, Nucl. Phys. B 775 (2007) 120 |arXiv:hep-ph/0702194|; F. Bazzocchi, 
L. Merlo and S. Morisi, Phys. Rev. D 80, 053003 (2009) [arXi v:0902.2849 [hep-ph]]; 
X. G. He, Nucl. Phys. Proc. Suppl. 168 (2007) 350 |arXiv:hep-ph/0612080|; S. F. King 
and M. Malinsky, Phys. Lett. B 645 (2007) 351 [arXiv:hep-ph/0610250|; I. de Medeiros 
Varzielas and G. G. Ross, Nucl. Phys. B 733 (2006) 31 |arXiv:hep-ph/050 7176] ; 
S. F. King and M. Malinsky, JHEP 0611 (2006) 071 |arXiv:hep-ph/0608021|; I. de 
Medeiros Varzielas, S F. King and G. G. Ross, Phys. Lett. B 644 (2007) 153 
[arXi v : hep-ph /0512313j; I. de Medeiros Varzielas, S. F. King and G. G. Ross, Phys. 
Lett. B 648 (2007) 201 [arXiv:hep-ph/0607045|; C. Luhn, S. Nasri and P. Ramond, 
Phys. Lett. B 652 (2007) 27 [arXiv:0706.2341 [hep-ph]]; F. Plentinger and G. Seidl, 
Phys. Rev. D 78 (2008) 045004 [arXiv:0803.2889 [hep-ph]]; C. Csaki, C. Delaunay, 
C. Grojean and Y. Grossman, arXiv:0806.0356 [hep-ph]; M.-C. Chen and K. T. Ma- 
hanthappa, Phys. Lett. B 652 (2007) 34 [ arXiv:0705.0714l [hep-ph]]; M.-C. Chen 
and K. T. Mahanthappa, arXiv^0 710.2118 [hep-ph]; M.-C. Chen and K. T. Mahan- 
thappa, arXiv:0812.4981 [hep-ph]; R. N. Mohapatra and H. B. Yu, Phys. Lett. B 644 
(2007) 346 |arXiv:hep-ph/0610023|; A. Aranda, arXiv: 0707.3 661 [hep-ph]; A. H. Chan, 
H. Fritzsch and Z. z. Xing, a rXiv:0704.3153 [hep-ph]; Z. z. Xing, Phys. Lett. B 618 



17 



(2005) 141 (arXiv:hep-ph/0503200] ; Z. z. Xing, H. Zhang and S. Zhou, Phys. Lett. B 
641 (2006) 189 |arXiv:hep-ph/0607091|; S. K. Kang, Z. z. Xing and S. Zhou, Phys. 
Rev. D 73 (2006) 013001 |arXiv:hep-ph/0511157|; S. Luo and Z. z. Xing, Phys. Lett. B 
632 (2006) 341 |arXiv:hep-ph/0509065|; M. Hirsch, E. Ma, J. C. Romao, J. W. F. Valle 
and A. Villanova del Moral, Phys. Rev. D 75 (2007) 053006 [arXiv:hep-ph/0606082] ; 



N. N. Singh, M. Rajkhowa and A. Borah, arXiv:hep-ph/0603189 X. G. He and A. Zee, 



Phys. Lett. B 645 (2007) 427 |arXiv:hep-ph/0607163]; N. Hab a, A. W atanabe and 
K. Yoshioka, Phys. Rev. Lett. 97 (2006) 041601 |arXiv:hep-ph/0603116|; Z. z. Xing, 
Phys. Lett. B 533 (2002) 85 |arXiv:hep-ph/0204049|; M. Mitra and S. Choubey, Phys. 
Rev. D 78, 115014 (2008) [arXiv:0806.3254 [hep-ph]]; Y. Lin, Nucl. Phys. B 813 
(2009) 91 |arXiv:0804.2 867 [hep-ph]]; L. Yin. larXiv:0903.0831l [hep-ph] : S. F. King and 
C. Luhn, larXiv: 0905. 16861 [hep-ph]; S. F. King and C. Luhn, i [?Xw:0912.1 344 [hep- 
ph]; C. Hagedorn, S. F. King and C. Luhn, arXiv:1 00374249i [hep-ph]; L K. Cooper, 
S. F. King and C. Luhn. arXiv:1004.3243 [Unknown]. 

[12] S. Antusch, S. F. King and A. Riotto, JCAP 0611 (2006) Oil |arXiv:hep- ph/0609038|. 

[13] S. F. King, Nucl. Phys. B 786, 52 (2007) |arXiv:hep-ph/0610239] . 

[14] E. E. Jenkins and A. V. Manohar, Phys. Lett. B 668, 210 (2008) |arXiv:0807.4"T76l 
[hep-ph]]. 

[15] E. Bertuzzo, P. Di Bari, F. Feruglio and E. Nardi, JHEP 0911, 036 (2009) 
[ arXiv:0908.0161 [hep-ph]]. 

[16] D. Aristizabal Sierra, F. Bazzocchi, I. de Medeiros Varzielas, L. Merlo and S. Morisi, 
Nucl. Phys. B 827, 34 (2010) [ar Xiv:0908.090 7 [hep-ph]]. 



[17] R. G. Felipe and H. Serodio. larXiv:0908.2947l [hep-ph]. 

[18] M. C. Chen and S. F. King, JHEP 0906, 072 (2009) jarXiv: 0903. 01251 [hep-ph]]. 



[19] S. F. King, JHEP 0508, 105 (2005) tarXiv:hep-ph/0506297| . 

[20] S. F. King, Phys. Lett. B 439 (1998) 350 |arXiv:hep-ph/9 806440]; S. F. King, 
Nucl. Phys. B 562 (1999) 57 [arXiv:hep-ph/9904210|; S. F. King, Nucl. Phys. 
B 576 (2000) 85 [arXiv:hep-ph/9912492|; S. F. King, JHEP 0209 (2002) Oil 
iarXiv:h ep-ph/0204360|; S. Antusch and S. F. King, New J. Phys. 6 (2004) 110 
|arXiv:hep-ph/0405272| . 

[21] For a review see for e.g., S. Davidson, E. Nardi and Y. Nir, Phys. Rept. 466, 105 
(2008) [arXiv:0802.2962 [hep-ph]]; 

[22] L. Covi, E. Roulet and F. Vissani, Phys. Lett. B 384, 169 (1996). 

[23] A. Abada, S. Davidson, F. X. Josse-Michaux, M. Losada and A. Riotto, JCAP 0604, 
004 (2006) |iarXiv:hep-ph/0601083]; 



18 



[24] E. Nardi, Y. N ir, E. Roulet and J. Racker, JHEP 0601, 164 (2006) 
|arXiv:hep-ph7 0601084| . 

[25] A. Abada, S. Davidson, A. Ibarra, F. X. Josse-Michaux, M. Losada and A. Riotto, 
JHEP 0609, 010 (2006) |arXiv:hep-ph / 060528l] . 



[26] P. Di Bari, Nucl. Ph ys. B 727 (2005 ) 318 [arXiv:hep-ph/0502082|; O. Vives, Phys. Rev. 
D 73 (2006) 073006 [arXiv:hep-ph/0512160]; S. Blanchet, P. Di Bari and G. G. Raffelt, 



JCAP 0703 (2007) 012 [arXiv:hep-ph/0611337l ; G. Engel hard, Y. G rossman, E. Nardi 



and Y. Nir, Phys. Rev. Lett. 99 (2007) 081802 |arXiv:hep-ph/0612187|; P. Di Bari 
and A. Riotto, Phys. Lett. B 671 (2009) 462 [arXiv:0809.2285 [hep-ph]]; S. Blanchet 
and P. Di Bari, Nucl. Phys. B 807 (2009) 155 [arXiv:0807.0743 [hep-ph]]; S. Antusch, 
P. Di Bari, D. A. Jones and S. F. King, larXiv: 1003.5132 [hep-ph]. 

[27] S. Blanchet and P. Di Bari, JCAP 0606 (2006) 023 |arXiv:hep-ph/0603107l; S. Pascoh, 
S. T. Petcov and A. Riotto, Phys. Rev. D 75, 083511 (2007) [arXiv:hep-ph/0609125] . 



19 



